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ABSTRACT 
Sulley Addo, Tahiru. M.S., Department of Chemistry, Wright State University, 2013. 
Effect of sample miscut on dissolution kinetics of calcite (104) cleavage surfaces. 
 
 
Calcite is one of the most abundant naturally occurring carbonate minerals in the 
earth crust, and it is believe to play a crucial role in the long-term effectiveness of 
geochemical process works such as geological carbon sequestration. Due to the ease in 
which clean, flat calcite surfaces may be prepared, a lot of dissolution studies have been 
carried out on its (104) cleavage plane. However in geologic media, natural calcite grains 
consist of alternate surface terminations that do not display similar crystallographic 
properties as the (104) cleavage plane. This study focuses on the effect of miscut and step 
orientation on the long-term dissolution behavior of polished calcite surfaces in close to 
equilibrium fluid conditions with respect to calcite. The polished calcite surfaces were 
prepared by tilting the (104) cleavage plane at a varying miscut angle to produce forced 
obtuse step vicinal, forced acute step vicinal, and fully stepped miscut surfaces. 
Inductively coupled plasma (ICP) and profilometry results revealed that miscut angle has 
negligible influence on the average transient, long-term and mean dissolution rates. 
Furthermore, the ICP and microscopic results from atomic force microscopy (AFM) 
revealed that in the long-term, crystallographic step orientation is not a dominating 
influence since all vicinal surfaces as well as the fully stepped surface adopt similar 
surface morphology and hence exhibit comparable steady dissolution rates. Therefore we 
conclude that in CO2 sequestration environments, differently terminated calcite surfaces 
will have similar kinetic behavior in the long-term regardless of their crystallographic 
properties or step orientation. 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1. INTRODUCTION 
1.1. Geologic CO2 Sequestration 
In the global energy system, fossil fuels remain the dominant source of all energy 
supplies. Given their high availability and low cost, it is strongly believed that the rise in 
demand for such fuels is unlikely to change. However, there is increased concern about 
the usage of fossil fuels, since combustion of these fuels leads to the emission of large 
volumes of CO2.  In view of the fact that the major cause of climate change has been 
attributed to anthropogenic CO2 emission 1, there is a renewed focus on implementing 
existing techniques that can be used to reduce CO2 concentration in the atmosphere 2. 
Among many potential technical approaches to mitigate the impact of excess CO2 on the 
global climate, sequestration of CO2 in geologic reservoirs has emerged as one of the 
promising options actively being explored due to its storage capacity and confinement 1,3-
7.  
The geological carbon sequestration (GCS) strategy involves the injection of 
captured CO2 from point sources, mainly in supercritical form, into deep geologic 
formations at selective sites (e.g. depleted oil and gas reservoirs, deep saline aquifers, and 
deep coal seams 8,9). At a depth of 800 -1000 meters where CO2 is stored 1,9, supercritical 
CO2 exists in a liquid-like state that provides the potential for secured long-term storage. 
Geologically stored CO2 undergoes several chemical and physical transformations as a 
result of the physical and geochemical trapping mechanisms involved 1,10. Physical 
trapping is the principal technique used for storing CO2 in geological formations 
including low permeability shale salt beds, or folded and fractured rocks.  In the initial 
phase of this technique, the buoyancy of supercritical CO2 facilitates the displacement of 
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saline water, before getting trapped as residual CO2 in local structural or stratigraphic 
traps within geological formations 1. 
On the other hand in geochemical trapping, the sequential change in chemistry of CO2 
when it interacts with formation water and rocks facilitate its storage 1. This trapping 
technique involves two main mechanisms, which are solubility trapping and mineral 
trapping.  
1.2. CO2/H2O/mineral interactions 
In solubility trapping, CO2 is transformed into a solvated phase, as illustrated by 
Equation 1-2. 
𝐶𝑂!(𝑔) ↔ 𝐶𝑂!(𝑎𝑞) 
     (Equation 1) 
 
 
𝐶𝑂! 𝑎𝑞  +  𝐻!𝑂 𝑙 ↔  𝐻! 𝑎𝑞 +  𝐻𝐶𝑂!! 𝑎𝑞  
 
     (Equation 2) 
 
Once solvated, it no longer exists as a separate phase and the buoyant force that drives it 
upward is suppressed, therefore allowing it to be stored. 
However, solvated CO2 can interact with water to form carbonic acid (H2CO3), which can 
sequentially dissociate to form bi-carbonate ion (HCO3-) and carbonate ion (CO32-), while 
enhancing dissolution of rock formations.  
 
𝐶𝑂! 𝑎𝑞 +  𝐻!𝑂 𝑙 ↔ 𝐻!𝐶𝑂!(𝑎𝑞) 
 
     (Equation 3) 
 
 
𝐻!𝐶𝑂! 𝑎𝑞  ↔  𝐻! 𝑎𝑞 +  𝐻𝐶𝑂!! 𝑎𝑞  
 
     (Equation 4) 
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𝐻𝐶𝑂!! 𝑎𝑞  ↔  𝐻! 𝑎𝑞 +  𝐶𝑂!!!(𝑎𝑞) 
 
     (Equation 5) 
 
 
𝐾𝐴𝑙𝑆𝑖!𝑂! 𝑠 +  8𝐻! 𝑎𝑞 ↔ 𝐾! 𝑎𝑞 +  𝐴𝑙!! 𝑎𝑞 + 2𝐻!𝑆𝑖𝑂!(𝑎𝑞) 
 
     (Equation 6) 
 
 
As rock formations dissolve due to increase in proton activity, ions are released giving 
rise to a progressive increase in the pH of the system. At the same time, the presence of 
common ions such as Ca2+ and CO32- will facilitate formation of stable carbonate 
minerals (e.g. CaCO3) in the system, and this is called mineral trapping. 
 
𝐶𝑎!! 𝑎𝑞 +  𝐶𝑂!!!(𝑎𝑞)  ↔  𝐶𝑎𝐶𝑂!(𝑠) 
 
     (Equation 7) 
 
 
Although the knowledge on the structural composition, properties and the reactivity of 
caprocks is poor 11, prolonged exposure to CO2 rich fluid is an issue of concern. CO2-rich 
fluid can affect the sealing capacity of caprocks by creating bulk dissolution induced 
pathways that will enhance leakage of trapped CO2 from the geologic reservoir 12. 
Because calcite is one of the most abundant minerals in cement and shale caprock 11,13,14, 
a fundamental understanding of its chemistry with an aqueous medium is important to 
assess the long-term effects of GCS strategy. 
1.3. Fundamental models for mineral dissolution 
Geochemical processes occurring at mineral-fluid interfaces are generally 
acknowledged to be complex in nature due to the multitude of possible mineral 
  4 
assemblages and an infinite variety of fluid compositions 15. A typical mineral surface has 
a heterogeneous distribution of energy arising from defects that could be caused by 
various factors such as lattice mismatch and incorporation of impurities. Assuming a 
crystalline mineral surface is not perfectly flat, straight or rough ledges (steps) could 
possibly be separating its terraces. These steps may also contain highly energetic sites 
called kink sites. As a result, mineral surface reaction processes (e.g. dissolution) are 
often perceived to occur mainly on these terraces, steps, and kink sites based on a 
complex mechanism. 
Some attempts have been made to understand these mechanisms by finding a 
relationship between the structure of a crystal and morphology on an energy basis. In 
seminal studies by Kossel and Stranski 16,17, crystals were treated as a simple cubic lattice 
with a single type of building block and the effect of defects led to development of the 
Terrace-Ledge-Kink (TLK) model. The TLK model describes the inverse relationship 
between reactivity of the prevalent surface positions and the number of bonds to the 
solid. According to Fig. 1 (adapted figure from Morse et al. 18), the terrace positions have 
five bonds to the solid and are relatively less reactive than the ledge positions, which 
have four bonds to the solid. The kink positions have three bonds to the solid and are 
more reactive than the ledge positions. Due to the nature of their abundance, the terrace 
positions are likely to be the most common sites on a mineral, followed by the step 
positions, and the kink positions are the least common. 
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Fig 1. A structural presentation of active sites and defects of a crystal surface based on the TLK 
model: (1) terrace atom; (2) terrace vacancy; (3) terrace adatom; (4) ledge atom; (5) ledge vacancy; 
(6) ledge adatom; (7) single kink site; (8) outcropping edge dislocation. This figure is an adapted 
version from Morse et al. 18. 
  
Venables 19 described the energetics of these prevalent positions (Equation 8 - 10) by 
relating them quantitatively as a function of sublimation (L) of the crystal. 
In the expressions below, ϕ represents the bond strength and 𝑎 is the lattice parameter. 
 
𝐿 = 6ϕ 2 ⋅  
1
𝑎!  
 
     (Equation 8) 
 
 
𝐸! =  
(6− 5)ϕ
2𝑎! =  
𝐿𝑎
6  
 
     (Equation 9) 
 
 
1
2
3
4
5
6
7
8
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𝐸! =  
(5− 4)ϕ
2𝑎 =  
𝐿𝑎!
6  
 
     (Equation 10) 
 
 
𝐸! =  
(4− 3)ϕ
2 =  
𝐿𝑎!
6  
 
     (Equation 11) 
 
 
The extra energy per unit area 𝐸! in Equation 8 with respect to the bulk atom is due to 
the terrace atoms having five bonds to the bulk rather than six. Likewise, 𝐸! in Equation 
9 represent the extra energy the ledge atoms have over the terrace, while 𝐸! in Equation 
10 represent extra energy the kink atoms have over the ledge atoms. However, both 
scenarios are due to the fact that the ledge and the kink atoms have four and three bonds 
to the bulk respectively. 
 
According to the Periodic Bond Chain (PBC) theory 20, the effective period of 
chains of strong bonds running through the crystal lattice govern the morphology of a 
crystal. Based on that assertion, the PBC theory describes a proposed three-type face 
division of a crystal and their relation to a PBC vector (Fig. 2 is an adaptation of the 
Kossel crystal from Sunagawa 21). The flat faces (terrace faces) are parallel to at least two 
PBC vectors; the step faces (ledge faces) are parallel to at least one PBC vector; and the 
kink faces are not parallel to any of the PBC vectors. The attachment energy, which is the 
energy released per mole when a new layer of building unit is deposited on the crystal 
faces, is relatively small for the flat faces compared to the step faces, and the kink faces 
have the highest attachment energy. Hence during dissolution, the displacement velocities 
for atoms detaching from the kink faces are greater than those detaching from the step 
  7 
faces, and the displacement velocities for atom detaching from the flat faces are the 
smallest. 
 
 
                  
 
Fig 2. The F, S, and K faces defined by the PBC theory. Thick lines with labels; A, B, and C are the 
PBC vectors in a Kossel crystal. F-faces: (100), (010), (001); S-faces: (110), (011), (101); K-face: (111). 
This figure is an adaptation from Sunagawa 21. 
 
 
Other quantitative models describing mineral-water processes have conveniently 
regarded mineral dissolution as a stepwise discrete process initially involving adsorption 
of reactants onto the mineral surface and subsequent migration to active sites of the 
surface (e.g. Kink or ledge site). Formation and cleavage of bonds occurs as chemical 
reactions take place between active site atoms and adsorbed reactants. Consequently ionic 
(100) (110) (010
)
(111)
(011)
C
(1
01
)
B A
C
A B(001)
  8 
products that are formed detach from the mineral surface and are transported into bulk 
solution through a Diffusion Boundary Layer (DBL) of varying thickness generated by 
turbulence in the bulk solution 22. The rate-limiting step for the kinetic mechanism of 
mineral dissolution depends simultaneously on chemical events taking place on the 
crystal surface, and physical transportation (diffusion) of ionic product into the bulk 
solution. This kinetic mechanism is deemed chemical surface controlled when the 
thickness of the DBL is smaller than the diffusion length in the bulk solution. As a result, 
the rate-limiting step in the overall dissolution process constitutes only chemical 
interaction resulting in bond cleavage and formation of ionic products. Also, the kinetic 
mechanism is diffusion controlled when the thickness of the DBL is much greater than 
the diffusion length in the bulk solution. Consequently, the rate-limiting step depends on 
diffusion of ions into the bulk solution.  
 
In some calcite studies (e.g. 23-28), it was observed that at pH > 3.5 the dissolution 
mechanism is surface controlled, while the diffusion controlled mechanism was observed 
for dissolution at pH < 3.5. This implies that during dissolution in acidic conditions, 
chemical events involving breaking and formation of bonds to form ionic product is 
faster than the eventual desorption of the product into the bulk solution. But in high pH 
condition the reverse phenomenon is observed, and dissolution rate will be limited by 
chemical events on the mineral surface to form ionic product. 
 
1.4. Modern analytical techniques for quantifying mineral dissolution 
Most traditional methods (e.g. pH-stat and free drift experiment) used in studying 
mineral dissolution do not provide direct observation of the changes of the mineral 
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surface during the process 18,26. Therefore, there is difficulty in understanding the link 
between bulk dissolution properties and surface reaction processes. However, the advent 
of the Atomic Force Microscope (AFM) 29 has provided a means for researchers to 
circumvent such limitations. AFM usage provides spatially resolved nanometer to 
micrometer scale topographic information, and facilitates the direct linkage of reaction 
rate and mechanism of a surface involved in mineral-water reaction 18. AFM experiments 
involving calcite dissolution have previously been carried out to obtain real-time 
observations on single crystals. By tracking the anisotropy of steps during the dissolution 
process, many studies (e.g. 30-33) have evidently demonstrated how surface morphology 
affects reaction rates. Also, direct inspection of rhombic shaped etch-pit development on 
(104) cleavage planes of calcite in some studies (e.g. 9,27) has revealed that dissolution in 
aqueous solution primarily occurs by retreat of step edges oriented along 481  and 
441  direction. Due to the rhombohedral symmetry of the crystal lattice two non-
equivalent steps in the 481  and 441  directions are exposed. 
 
 
          
 
[481]o
[441]a
[481]a
[441]o aa*o*
o
(i)
c-axis
102o
O*
O
78o
a*
a
(ii) (iii)
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Fig 3. A line diagram of an etch pit formed on a (104) calcite surface (i), and a line profile of the 
sidewall along 𝒐 − 𝒐∗ (ii) and 𝒂∗ − 𝒂 (iii).  The c-axis is pointing out of the plane. This figure is a 
modification from Shiraki et al. 27. 
 
 
One type of step, the 481 !/ 441 !, has an acute angle (78°, Fig. 3(iii)) that overhang 
the lower terrace. The other step, the 481 !/ 441 ! has an obtuse angle (102°, Fig. 3(ii)) 
that is more open in relation to the lower terrace. In the absence of a chiral solute, the 
acute step pair is crystallographically equivalent. Similar inference can also be made for 
the obtuse step pair 34. 
 
1.5. Profilometry 
Profilometry is an analytical approach that has been employed in characterizing 
the surface of solids in order to estimate their roughness (e.g. 35). Due to its ability to 
laterally resolve step height on the micrometer scale, the change in height during a line 
scan across a sample surface can be quantified. Hence by utilizing Equation 12, the 
profilometry technique can be used as a conceptual tool to estimate the mean dissolution 
rate (𝑟) of a mineral. 
𝑟 =  
∆ℎ 
 ∆𝑡 .𝑉!
!! 
 
     (Equation 12) 
 
 
In Equation 12, ∆ ℎ is the average height difference between a reference surface and the 
reacted surface, ∆𝑡 is the dissolution reaction time, and 𝑉! is the molar volume of calcite. 
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1.6. Parameters that affect mineral dissolution 
Kinetic studies of the dissolution of calcite have received extensive attention with 
foci on some important geological variables such as surface and bulk defects, specific ion 
effect, and reactive surface area. In studies by Plummer et al. 36, an increase in rate by a 
factor of 5 to 10 was observed for a slightly acidic to circum-neutral solution at 25 to 60 
°C when the PCO2 increased from 1 to 50 atm. Additional observation at 100 °C showed a 
systematic increase in rate from 1 to 30 atm (PCO2) and a decrease between 30 and 50 atm 
(PCO2). This therefore reveals a non-linear relation in the dissolution rate of calcite, with 
respect to PCO2 and temperature. 
Equation 13 is one of the most commonly used rate equations in describing the 
dissolution of carbonate minerals in neutral to alkaline solution. 
 
𝑅 = 𝑘(1−  Ω)! 
 
     (Equation 13) 
 
 
In Equation 13, 𝑅 is the rate, 𝑘 is the dissolution constant, Ω is saturation state with 
respect to the carbonate mineral, and 𝑛 is the order of the dissolution reaction. 
 
Studies on dissolution rate of celestite (e.g. 37) and calcite (e.g. 38) as a function of fluid 
composition (e.g. Ω, and foreign ion effect) have indicated an inverse relationship with Ω 
according to a non-linear function. Under-saturated conditions have received substantial 
attention in previous research in an attempt to understand the fundamentals of kinetic 
processes.  However, in selected geological systems where storage of CO2 takes place for 
GCS purposes, conditions close to equilibrium with respect to calcite are the most 
common 11,39,40, therefore necessitating the understanding of calcite dissolution chemistry 
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at near-equilibrium conditions in order to bolster the accuracy of evaluating long-term 
stability of GCS strategy. 
Also, it has been observed that most divalent cations such as Sr2+, Mn2+, Mg2+, as 
well as phosphate and organic compounds acting as foreign species affect the dissolution 
of calcite significantly 41-44. Although the mechanism that determines their effect on the 
kinetic behavior of calcite at the molecular scale is not well known, it is generally 
believed that their presence inhibits dissolution either through ion attachment to active 
sites (e.g. kink site) and eventual pinning of elementary step motion, or through a change 
in solubility of mineral layers due to incorporation into the crystal lattice. According to in 
situ AFM observation on the growth behavior of calcite (104) surface in contact with a 
supersaturated solution consisting of varying amounts of Mg2+ by Astilleros et al. 45, it 
was revealed that during monolayer spreading growth, the first elementary growth layer 
advancing on the (104) calcite surface displayed nearly identical characteristics to pure 
calcite. But subsequent growth monolayers behave differently with a significant decrease 
in step advancement rate due to the incorporation of Mg. Other in situ AFM studies on 
(104) calcite surface by authors such as Xu et al. 38 have shown that at near equilibrium 
conditions , Mg2+ presence has a negligible effect on calcite dissolution upon addition of 
0.0001 molal Mg2+.  Also, upon the introduction of 0.001 molal Mg2+, an insignificant 
change in step kinetics was observed at Ω < 0.2. However, instant inhibition of step 
kinetics was realized at Ω ≥ 0.2. In Vertical Scanning Interferometry (VSI) studies on 
(104) calcite surface, Vinson et al. 46 have evidently shown how Mn2+ inhibits the 
dissolution rate of calcite in far-from-equilibrium conditions. By measuring the surface 
normal retreat and etch pit growth on the calcite surface in the presence of dissolved 
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inorganic carbon and 2 x10-6 molal Mn2+, it was observed that the overall calcite 
dissolution rate was suppressed to near zero. And based on that, it was proposed that the 
inhibition of step movement and defect nucleation on (104) calcite surface by Mn2+ is due 
the formation of surface complexes that stabilize reactive sites. This indicates how 
foreign ions such Mg2+, and Mn2+ can affect calcite dissolution under specific conditions. 
Changes in background electrolytes have also been traditionally attributed to changes in 
mineral solubility. Background ions generate long-range electric fields that reduce the 
activity of constituent ions from the mineral by charge screening, which increases 
mineral solubility. Therefore, based on strict thermodynamic consideration, dissolution 
rates of minerals will increase due to the decrease in free energy of the system 47. 
 
1.7. Scope of our research 
As demonstrated above, extensive work has been done on calcite dissolution 
based on a vast range of important parameters in order to achieve a comprehensive 
understanding of its dissolution chemistry. Nevertheless, there is still lack of ample 
experimental data that directly relates the mineral reactivity as a function of its surface 
orientation. It is believed that a relation of such capacity will improve the accuracy of 
theoretical models that are used in predicting geochemical reactivity at mineral-fluid 
interfaces. Although some work on the kinetic activity of calcite with respect to surface 
orientation has been done (e.g. 48,49), the majority of studies have focused on the (104) 
cleavage plane. As a result, with few exceptions (e.g. 50), a modern description of calcite 
dissolution generally stipulates a surface composed of one type of reaction site. However, 
the natural surfaces of minerals, such as those in geological volume, may exist as grain 
boundaries and fractured surfaces having several different surface orientations 48. By 
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taking calcite into perspective, based on pure crystallographic considerations, its lattice 
structure is comprised of six equivalent cleavage planes. But in geological formations, the 
high possibility of alternate surface terminations coupled with lattice defects might yield 
surfaces with a drastically different variety of crystallographic planes and densities of 
terrace, ledge or kink sites.  
In Fig. 2 the structure of the Kossel crystal 16 is comprised of  (100), (010), and (001) 
crystallographic planes with atomically smooth surfaces that are flat and dominated by 
terraces. Surfaces corresponding to the (110), (011), and (101) planes are stepped and 
dominated by ledges, while the (111) plane features a surface that is fully kinked. Also 
Fig. 2 emphasizes that a reactivity description of a mineral grain should include some 
insight of how rate of dissolution varies with surface orientation since different 
crystallographic surfaces are expected to have different chemical characteristics. For 
example, it is expected that under similar fluid conditions, a vicinal surface (i.e. 
misoriented surface where miscut angle θ > 0°), which contains substantial density of 
steps that allow smooth step flow during dissolution, should dissolve at a faster rate than 
a normal cleavage surface (i.e. properly oriented surface). Therefore their dissolution rate 
can be expressed as function of the number of elementary steps (Ns) appearing on the 
surfaces, and Ns could also be considered to be proportional to θ (for small θ). 
Furthermore, vicinal surface terminated due to different tilt direction may lead to the 
development of step patterns with different crystallographic properties. This implies that 
there could be dissimilarity in the kinetic characteristics among vicinal surfaces that 
terminate in different ways. In previous work on calcite, it has been observed that under 
most experimental conditions, there is a significant difference between the step dynamics 
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of the obtuse and acute ledge patterns, with obtuse steps commonly retreating faster than 
acute steps 27,31,51.  
Hence, the observed mineral dissolution rate should integrate the reactivity of all mineral 
faces and their unique features, since each micro-topographic feature is likely to dissolve 
at a different rate 52. The lack of experimental data relating mineral reactivity as a 
function of mineral surface orientation also underlines the lack of a fundamental model 
describing the progression of such reactions. Nevertheless, it can be inferred from both 
the TLK model and the PBC theory based on the Kossel crystal 16  that, surfaces with 
higher energy morphologies (e.g. (101) or (011)) should, to some extent, be more reactive 
than those with lower energy morphologies (e.g. (001) calcite surface).  
 
In previous work pertaining to dissolution kinetics of calcite with respect to 
surface orientation, Compton et al. 49 examined the effect of varying the face of calcite 
crystals using a rotating disk method. In their experiment, the cleavage face was 
deliberately polished to yield misorientation at known angles, and the dissolution rate 
was found to increase with the angle of misorientation. But, their work lacks specificity 
that directly links the measured dissolution rate to the possible crystallographic surface 
orientation formed after polishing. In other studies by Bisschop et al. 48, the dissolution 
behavior of calcite surface with reference to applied stress and crystallographic surface 
orientation was examined using an in-situ AFM fluid cell approach. The samples used in 
their experiment were polished either parallel to (the 104) cleavage plane or at a 5° 
miscut to the (104) cleavage plane. It was discovered that, in deionized water, the 
samples polished parallel to the (104) cleavage plane dissolve by forming etch-pits that 
originated from polishing defects. Also under similar fluid conditions, samples with 5° 
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miscut dissolved by forming micro-rippled surface patterns which were attributed to 
progressive bunching of retreating steps. Bisschop et al. 48 concluded that dislocation 
density had no significant effect on the dissolution behavior of the miscut sample. 
Similarly, in recent studies by Smith 50, the dissolution kinetics of polished calcite sample 
parallel to the (104) cleavage plane and (001) plane was examined with respect to degree 
of solution undersaturation. Results obtained from inductively coupled plasma (ICP-
OES), and AFM indicated that the steady dissolution rate of any calcite surface with any 
degree of initial surface energy would be similar to that of a surface with natively low 
energy. 
 
In this study, we seek to understand how calcite dissolution is affected by 
crystallographic orientation as well as Ω, based on results obtained from ICP-OES, AFM, 
and Profilometry measurements. The crystallographic surfaces of interest include; the 
(104) cleavage face (which is prepared by polishing a natural calcite crystal parallel to the 
(104) plane), vicinal miscut planes (which are prepared by tilting the (104) cleavage 
plane at various angles around the 481  or 441  zone axes), as well as a fully stepped 
face created by polishing one of the crystal edges that terminates on the c-axis. Also in 
this study, we attempt to compare the bulk dissolution rates of surfaces prepared with 
forced acute steps and those with forced obtuse steps. Because previous studies on calcite 
dissolution such as Teng et al. 33, and Xu et al.9 have observed a lack of etch-pit 
formation at near equilibrium conditions, all dissolution experiments in this study are 
carried out at near saturation. 
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2. EXPERIMENTAL 
2.1. Sample preparation 
Four different groups of surfaces were prepared from natural calcite specimens to 
investigate the effect of crystal orientation on dissolution rate of these surfaces of interest. 
In Fig. 4, Group 1 consisted of the crystal oriented on the (104) plane with minimal 
miscut (θ ~ 0o). Group 2 samples had variable θ such that they are oriented vicinal to the 
(104) plane by tilting the crystal towards either the (0-14) or (-114) planes. Group 3 
samples had variable θ making their orientation vicinal to the (104) plane by tilting the 
crystal towards the (014), or (1-14) planes. Group 4 samples had very large angle of 
miscut (θ > 20 degrees). 
 
 
(a) Group 1                                                                        (b) Group 2a and 2b 
                                         
 
(c) Group 2c and 2d                                                        (d) Group 3a and 3b 
                                       
 
 
 
(104)C-axis
(-1
14
)
C-axis
X1 X2
X3X4
C-axis
X1 X2
X3X4
(0-14)
C-axis
X1 X2
X3X4
(014)
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(e) Group 3c and 3d                                                         (f) Group 4 
                                         
 
Fig 4. Crystallographic surface orientations of natural calcite crystals utilized in this study. 
 
Samples prepared in this way yielded surfaces that had low (group 1), moderate (group 2 
and 3), and high (group 4) reactivity, assuming the lattice dislocations and micro-cracks 
formed during preparation process have negligible influence on the dissolution behavior. 
 
Optical grade calcite from Ward’s Natural Science Company was used throughout this 
study. Crystal samples of approximately 1.2 cm x 1.2 cm x 1.2 cm in size were molded in 
an epoxy for mechanical polishing. The epoxy was prepared using a 4:1 weight mixture 
of Epo-heat epoxy resin and Epo-heat epoxy hardener (Buehler) and stirred gently to 
obtain a deep amber-like color. The epoxy was then poured into a 1 ¼” diameter sample 
cup that had been pre-treated with a releasing agent and contained the sample to be 
studied in the orientation of interest.  Subsequently, the sample cup and its content were 
kept in an oven maintained at a constant temperature of 55°C for 90 minutes and then 
was allowed to cool to ambient temperature.  The sample orientations were achieved in 
the following ways; Group 1 samples had the crystal laying flat down (parallel) facing the 
(104) plane in the sample cup. For Group 2 samples, papers were stacked along the x1-x4 
(in Fig. 4(b)) and x4-x3 axis (in Fig. 4(c)) after the crystal has been placed flat on the 
cleavage face. A similar operation was performed for Group 3 samples, however, papers 
C-axis
X1
X2
X3X4
(1-14)
C-axis
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were stacked along the x1-x3 (in Fig. 4 (d)) and x1-x2 axis (in Fig. 4 (e))). In both cases, 
the thickness of the paper stack (cm) was intended to produce a targeted θ (Fig. 5). But 
due to the potential change in θ caused by uncontrollable displacement of the crystal 
mount arrangement after the epoxy was poured, the true angle of miscut (φ) was 
determined in subsequent measurements. Crystals mounted this way resulted in rotation 
of the (104) surface in the 481  and 441  zone axis, and consequently forced 
accumulation of acute ( 481 !/ 441 !) and obtuse ( 481 !/ 441 !) steps. Group 4 
samples were prepared by gluing the crystal such that one of the three edges that form the 
c-axis apex is approximately perpendicular to the base of the sample cup.  The thickness 
of paper stack (cm) used to achieve the targeted θ for samples of group 2 and 3 has been 
summarized in Table 1. 
 
 
 
                                  
 
    Fig 5. Mounting technique employed for formation of vicinal crystal surfaces. 
 
 
 
 
 
 
 
!
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Table 1. Sample orientation and thickness of paper stack used in calculating θ. 
 
Crystal 
Orientation 
 
Sample 
 
Length of 
Crystal (cm) 
Thickness of 
paper stacked 
(cm) 
Calculated 
miscut angle (θ) 
degrees 
(104) GP 1a 1.10 ± 0.05 0.000 ± 0.002 0 ± 1 
GP 1b 1.50 ± 0.05 0.000 ± 0.002 0 ± 1 
 
481 !/ 441 ! 
GP 2a 1.00 ± 0.05 0.124 ± 0.002 7 ± 1 
GP 2b 1.20 ± 0.05 0.406 ± 0.002 20 ± 1 
GP 2c 1.20 ± 0.05 0.142 ± 0.002 7 ± 1 
GP 2d 1.20 ± 0.05 0.406 ± 0.002 20 ± 1 
 
481 !/ 441 ! 
GP 3a 1.10 ± 0.05 0.130 ± 0.002 7 ± 1 
GP 3b 1.20 ± 0.05 0.406 ± 0.002 20 ± 1 
GP 3c 1.10 ± 0.05 0.124 ± 0.002 7 ± 1 
GP 3d 1.20 ± 0.05 0.160 ± 0.001 20 ± 1 
Fully Stepped GP 4a - - > 20 ± 1 
GP 4b - - 
 
 
In addition to Group 1 - 4 samples, an epoxy-blank, which contained no crystal, was 
molded to quantify the effect of the epoxy mold on Ca2+ concentration in the 
experimental solutions.  
All samples with and without a crystal were polished to achieve an initial surface 
roughness on the nanometer scale using a sequence similar to that used in studies by 
Smith 50. In the polishing process, A MiniMet 1000 grinder, appropriate lubricants, and 
abrasive pads were utilized. The sequence was completed in three stages, which included 
fine grinding, intermediate polishing and final polishing stages, with cleaning between 
each stage. 
 
2.2. Sample characterization 
In order to discern the difference in characteristics of surfaces with moderate 
reactivity, Group 2 samples were identified as surfaces with forced 481 !/ 441 ! steps, 
while Group 3 had forced 481 !/ 441 ! steps. This identification technique was based 
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on the orientation of the c-axis when the crystal is tilted as a result of the paper stack. As 
displayed in Fig. 6, forced 481 !/ 441 !  steps will be most prevalent when the c-axis is 
tilted towards the horizontal, while vertical orientation of the c-axis will make forced 
481 !/ 441 !  steps most prevalent. 
   
                        
 
Fig 6. A simplified representation of the line profiles from etch pit sidewall in Fig. 3. 
 
Upon completion of the final polishing step, crystal surfaces with varying 
dimension were produced. The geometric surface area (𝐴!) for some of these surfaces 
were calculated using the technique described in Smith (Smith 2011), while ignoring the 
surface roughness. This was aided by capturing Images of the surfaces of interest with a 
digital camera mounted onto a Leica S6D optical microscope. Crystal surfaces with 
dimensions that exceeded the capturing limitation of the imaging assembly were 
estimated using a metric ruler. However, in both cases, Heron’s formula was utilized to 
estimate 𝐴! . 
 
To establish a reference point for profilometry measurement, a small portion of hot glue 
was placed on the surface of the sample prior to dissolution, and the area occupied by the 
glue was taken into account in the 𝐴!  calculations. 
O* a*
78
o
102
o
O a
c-axis
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The topological features as well as the morphological evolution of the sample 
surfaces were studied by obtaining their pre-dissolution and post-dissolution images, 
using an ex-situ approach, with a Molecular Imaging PicoSPM II AFM operating in 
contact or intermittent contact mode. Silicon cantilevers (NANO WORLD, force constant 
of 0.06 – 0.23 N/m) were utilized in the AFM measurements. Surface characterization in 
this procedure included the determination of the surface roughness, and miscut angles. 
All these qualitative and quantitative surface analyses were facilitated by the Molecular 
Imaging operation software and the Scanning Probe Image Processor (SPIP) 5.1.5, with 
appropriate image processing to yield accurate results. 
 
2.3. Experimental solution 
Aqueous stock solutions of the reagent grade salts NaCl(s), NaHCO3(s), and 
CaCl2·2H2O(s) were prepared by dissolving them, separately, in appropriate mass of 
Milli-Q water (18.2 MΩ cm). To ensure equilibration with atmospheric CO2, the stock 
solutions were stirred overnight before use. Subsequently, experimental solutions were 
prepared by mixing the stock solutions and enough Milli-Q water was added to yield the 
desired mass of experimental solution. The above incremental dilution method served as 
a cautioned approach to prevent local supersaturation that could lead to precipitation of 
calcite in the experimental solution. The experimental solutions were allowed to 
equilibrate with ambient CO2 (PCO2 = 3.8 x 10-4 atm) while being kept in a constant 
temperature bath set at 20.1 ± 0.1 °C for approximately 24 hours. The saturation state of 
the experimental solutions with respect to calcite (Ω) as well as the activity of the ionic 
species (𝑎!"!!, 𝑎!"!!!) were determined using Visual MINTEQ software (ver 3.0) 
simulating an open system at 20.1 ± 0.1 °C.  
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Ω =  
𝑎!"!! ⋅  𝑎!"!!!
𝐾!" (!"#!$%&)
 
 
     (Equation 14) 
 
 
MINTEQ was also used to calculate the ionic strength and theoretical pH for all the 
experimental solutions based on charge and mass balance equations. The calculated pH 
was compared with experimental pH values that were measured using a research grade 
pH probe after equilibration of the experimental solutions. The results obtained are 
summarized in Table 2.  
NaCl was the major contributor to the ionic strength of the solutions, and its 
concentration was kept approximately constant.  
 
Table 2. Composition data for experimental solutions utilized in dissolution 
experiments. 
Exp 
Sol 
𝛺 @ 
20.1° 
Mass of 
NaHCO3 (g) 
Mass of 
CaCl2∙2H2O (g) 
Mass of 
NaCl (g) 
Exp pH @ 
20.1° 
Cal pH 
@ 20.1° 
B 0.46 0.0848 0.1930 5.9000 8.079 8.100 
C 0.53 0.0853 0.2212 5.8429 8.085 8.074 
D 0.65 0.0858 0.2688 5.7689 7.855 8.075 
E 0.74 0.0882 0.2932 5.8297 8.036 8.086 
 
Masses of CaCl2 2H2O, NaHCO3, and NaCl salts are presented in terms of grams of salt per kg H2O. 
Cal pH Indicates the theoretical pH of solution upon equilibration with ambient CO2 (PCO2 = 3.8 x 10-
4 atm) calculated by Visual MINTEQ software, Exp pH represents pH of aqueous solution measured 
in the experiment. 
 
2.4. Trace metal analysis 
One of the calcite crystals was ground, and 0.0894 ± 0.0001g was weighed and 
dissolved in 10 ml of 2% trace metal grade nitric acid. The resulting solution, and a 
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portion of experimental solution E (  = 0.74) sampled from its storage bottle were 
analyzed with a Varian 710 ICP-OES to quantify the amount of divalent trace cation 
impurities. The concentration of trace metal in experimental solution E and the crystal 
was calculated using Equation 15 and Equation 16, and the results obtained are expressed 
in terms of ppb, and percent mole fraction,  % 𝑋!"!#! 
!" . 
𝑚  (𝑝𝑝𝑏) =  
𝐼𝐶𝑃 − 𝑂𝐸𝑆 [𝑚]  𝑝𝑝𝑏  ∗  10 𝑚𝑙
0.05 𝑚𝑙  
 
      (Equation 15) 
 
𝑚   𝑝𝑝𝑏 ∗ 0.01𝑙
atomic weight of the element ∗ 10
!!/
0.0894𝑔 𝑐𝑟𝑦𝑠𝑡𝑎𝑙
100.0 𝑔/𝑚𝑜𝑙 ∗ 100%  =  % 𝑋!"!#! 
!"  
 
     (Equation 16) 
 
Table 3. Concentration of trace metals in experimental solution E, and crystal 
specimen. 
 
Element (𝑚) 
Solution E 
(Ω = 0.74) 
 
Crystal 
 
𝑚   𝑝𝑝𝑏  
 
𝑚   𝑝𝑝𝑏  
 
% 𝑋!"!#! 
!"  
Ba 586.9 151.3 .0012 
Co - - < 0.0038 
Cu - - < 0.0035 
Fe - - < 0.0040 
Mg - 10350 0.4763 
Mn - - < 0.0041 
Ni - - < 0.0038 
Pb - - < 0.0011 
Sr - 1162 0.0148 
Zn - - < 0.0034 
 
“-“ represent concentration below the detection limit, and for these elements lowest standard was 
used to calculate the upper % 𝑿𝑪𝒂𝑪𝒐𝟑 
𝒎𝒆   limit. 
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2.5. Dissolution assembly & experiment 
In this study, similar to the method establish by Smith (Smith 2011), free-drift 
dissolution experiments were carried out in a constant temperature water bath mounted 
on a multi-position stir plate. Other parts of the dissolution assembly included PFA 
beakers, Teflon coated stir bars, and Teflon sample cages. The samples were mounted on 
the sample cage contained in the beakers with the stir bar, and 40 ml aliquot of the 
experimental solution (Table 2) was dispensed into the beaker. This was done carefully 
such that the sample faces of interest were exposed to the experimental solution without 
having any contact with the bottom of the beaker. The temperature of the water bath was 
maintained at 20.1 ± 0.1 °C, with the multi-position stir plate set to 400 rpm. In all the 
dissolution experiments, approximately 50 µl aliquots were periodically sampled from 
the beaker using a micro-pipet, and the corresponding aliquot mass was measured with an 
analytical balance to the nearest 0.1 mg. Precise volume for all aliquots sampled were 
obtained by diluting them in a pre-cleaned volumetric flask with 2% (by mass) trace 
metal grade HNO3. The volumetric flask contents were transferred immediately into 
sterile tubes for storage. At the end of each experiment, a total of approximately 5% of 
the beaker solution was removed by sampling. 
 
 
2.6. Dissolution rate determinations 
2.6.1. ICP – OES analysis 
A Varian 710 ICP-OES was used to analyze the change in composition of Ca2+ in 
the experimental solution during dissolution.  Ca2+ standards of concentrations 200, 250, 
400, 500, and 1000 ppb diluted from 1000 ppm calcium standard stock solution were 
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used to calibrate the ICP-OES. Atomic emission intensities acquired at 396.847 nm for 
the standards and sampled aliquots served as the chemical data used for multiple 
analytical calculations in this research (a sample calibration curve has been illustrated in 
Fig. 23). By plotting the moles of Ca2+ released per unit area versus reaction duration, the 
dissolution rates for various surfaces of interest were eventually calculated from the slope 
of the resulting profile. 
∆ 𝐶𝑎!!   ∙   𝑉!
𝐴!
 
 
∆ 𝐶𝑎!!  represents change in Ca2+ concentration from time t relative to time t = 0. Vt and 
𝐴!  are the volume of reaction solution remaining at time t and the geometric surface area, 
respectively. 
 
 
 
 
 
Fig 7. Line diagram representing the apparatus assembly adopted in all dissolution experiments. This 
figure is an adaptation from Smith 50.  
 
2.6.2. Profilometry experiment 
Prior to the profilometry measurements, the hot glue was carefully peeled off to 
expose the reference surface. A DekTak Profilometer IIA, calibrated using a glass sample 
with average step height of 4896 Å, was used to quantify the extent of surface retreat on 
the micro-scale for post dissolution samples. The average height difference between the 
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reacted region and the masked portion on the surface of study for all samples were 
measured by taking line profiles between these two areas. Through this process, we 
establish an independent analytical approach to quantify the difference in reactivity of 
surfaces of interest by estimating their respective mean dissolution rate. This 
experimental approach was done to simulate similar work performed by Smith 50, where 
Vertical Scanning Interferometry (VSI) was used to analyze post reacted samples in order 
estimate the relative surface height after dissolution.  
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3. RESULTS & DISCUSSION 
3.1. ICP – OES determined rates 
In this study, various blank experiments were performed to quantify any negative 
effect on Ca2+(aq) composition in the experimental solutions, which may be caused by 
either the epoxy mold or walls of the experimental apparatus. Results obtained for these 
experiments as well as those for all other samples (Groups 1 - 4) after exposure to the 
experimental solutions with initially defined 𝛺 at 20.1 ± 0.1 °C are presented in Fig. 8.  
Across all  Ω , the beaker blank profile in Fig. 8 (b) exhibited a nearly constant [Ca2+] 
over the experimental duration. On that basis, it could be inferred there was a minimal 
loss of Ca2+(aq) due to adsorption to the walls by the PFA beaker. Similar inference could 
be made for the epoxy blank experiments based on the profile in Fig. 8 (a), although the 
[Ca2+] in bulk experimental solution over time for  𝛺 = 0.74 showed relatively higher 
apparent loss of Ca2+(aq) after approximately 115 hrs. Following statistical treatment of 
the data obtained for the various blank experiments, a relative standard deviation (RSD) 
of less than 2% was achieved for the bulk [Ca2+] over time. Quantitatively, this shows a 
small variation of [Ca2+] in bulk solution, and as a result, the profiles in Fig. 8 (c – n) 
were not corrected for loss of Ca2+(aq).  
 
According to Fig. 15 (see supplementary section), steady dissolution was achieved in 
experiments run at 𝛺 = 0.46 and 0.53 after an increase in 𝛺! during a transient period that 
lasted for t ≤ 70 hours. 𝛺! in Fig. 15 was approximated in Phreeqc (ver 2.15.0) 
simulations using the MINTEQ database (ver 4) at 20.1 ± 0.1 °C. The [Ca2+] input data 
utilized in these simulations were those quantified by the ICP-OES for each aliquot 
sampled during the dissolution period. However for [CO32-] input data, the initial amount 
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(i.e. concentration of carbonate at t = 0) was calculated based on the amount of NaHCO3 
utilized in preparing the experimental solutions, and those at t > 0 were estimated based 
on the assumption that the mole ratio between Ca2+ and CO32- involved in the dissolution 
reaction is 1:1. Using the same Phreeqc simulation procedure, the Y-error bars in Fig. 15. 
were calculated from the positive and negative RSD of [Ca2+] quantified by ICP-OES.  
               
 
(b) 
(a) 
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Fig 8. [Ca2+] (ppm) vs. Time profiles for beaker blank (a), and epoxy surface blank (b). Ca2+ release 
(mol/cm2) vs. Time for crystal samples in experiments run at 𝛺 = 0.46, 0.53, 0.65, 0.74 (c - n). 
 
In Fig 9 the mole release quantity for samples involved in each experiment 𝐶𝑎!! ! was 
calculated using; 
 
 
𝐶𝑎!! ! = ([𝐶𝑎!!]! × 𝑉!)− ([𝐶𝑎!!]!! × 𝑉!!!) 
 
     (Equation 17) 
 
 
In Equation 17, the concentration and volume of the aliquot for the experimental solution 
sampled upon initiating each dissolution reaction (t=0) is denoted as [𝐶𝑎!!]!! and 𝑉!!! 
respectively. Also, [𝐶𝑎!!]! and 𝑉! represent concentration and volume for various 
aliquots sampled after t=0. 
On the basis of the trend displayed in Fig. 8 (c – n) it can be suggested that the transient 
and steady dissolution periods are characterized by the difference in the rate of 
!"#$
!%#$
!&#$
!'#$
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detachment and attachment of Ca2+ from the sample into the bulk solution and vice-versa. 
In the transient dissolution period, a progressive net detachment of Ca2+ was observed for 
the (104) cleavage surface, and the fully stepped miscut surface. Whereas the vicinal 
surfaces (i.e. those with θ = 7°, and 20°) display rapid detachment of Ca2+ especially at 𝛺 
= 0.46. In this study, the average net detachment rate in the transient period (R!) in 
mol/cm2 /s was calculated as the slope of the linear fit of Ca2+ within the transient region 
(see Fig. 16 in the supplementary material section).  
A general trend from the results, which are summarized in Table 9 (see 
supplementary data section), shows an inverse relationship of 𝑅! with 𝛺. However, close 
assessment also indicates that 𝑅! is not affected by crystallographic orientation, but 
instead appears to be dependent on some implicit factors including ratio of effective area 
of sample surface developed during dissolution per volume of experimental solution. 
Taking group 1 samples ((104) cleavage surface, GP 1a and 1b) into perspective, for 
example, although higher 𝑅! is expected for the samples exposed to 𝛺 = 0.46 (i.e. GP 1a) 
compared with that exposed to 𝛺 = 0.53 (i.e. GP 1b), similar average rates were observed 
after 𝐴!  normalization. A potential reason for this similarity could be attributed to the 
difference in their respective effective surface area (𝐴!) developed during this period. 𝐴!, 
which accounts for surface roughness and reactive sites 53, was not explicitly quantified 
in this study. Nevertheless, it can be argued that 𝐴! for samples with similar 
crystallographic characteristic that are studied at similar experimental conditions will 
increase based on a certain function with 𝐴! . Considering the 𝐴!  of above-mentioned 
samples, the 𝐴!  of GP 1a (0.906 cm2) is approximately half that of GP 1b (1.96 cm2). 
Therefore 𝑅! accompanying GP 1a after exposure to 𝛺 = 0.46 could be similar to the 𝑅! 
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of GP 1b because of its relatively higher 𝐴!, even though GP 1b was exposed to 𝛺 = 
0.53. However, an opposite trend was observed for GP 2a and 2b. The 𝑅! measured for 
GP 2a, where 𝐴!  = 0.62 cm2, is approximately twice the 𝑅! for GP 2b (which has 𝐴!  = 
1.19 cm2) at 𝛺 = 0.46. This indicates the possibility of other contributing factors 
influencing the average rate in the transient region. According to studies on role of 
surface morphology in calcite dissolution (e.g. 53), the dissolution rate for mechanically 
polished surfaces could depend on the presence of higher energy sites such as micro-
cracks and dislocation loops accumulated through polishing. Therefore by utilizing the 
chemical data obtained for the transient dissolution period, the effect of higher energy 
sites was estimated through surface retreat calculations using Equation 18.  
 
𝑆𝑅 = 𝐶𝑎!! ! ∗ 𝑉! − 𝐶𝑎!! ! ∗ 𝑉! ∗ 𝑉! ∗
1
𝐴!  
 
 
     (Equation 18) 
 
 
In the above equation,  SR represents the surface retreat (µm) of the sample,  Ca!! !and 
𝐶𝑎!! ! are the initial and final Ca2+ concentration of the bulk solution,  V! and V! are the 
initial and final volume of bulk solution, 𝑉! is the molar volume (V! of calcite is 36.93 
mol-1cm3) 54, and A! is the exposed geometric surface area of the crystal (cm2). 
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Table 4. Surface retreat estimations of crystal surface within various dissolution 
periods. 
 
Experimental 
Solution 
 
𝛺 
 
Sample 
Transient 
dissolution 
period (µm) 
Steady 
dissolution 
period (µm) 
Complete 
dissolution 
period (µm) 
 
 
 
B 
 
 
 
0.46 
GP 1a -0.13 ± 0.01 1.72 ± 0.01 1.58 ± 0.01 
GP 4a 0.32 ± 0.01 1.55 ± 0.01 1.87 ± 0.01 
GP 2a 2.24 ± 0.01 -0.80 ± 0.01 1.44 ± 0.01 
GP 2b 0.55 ± 0.01 1.15 ± 0.01 2.04 ± 0.01 
GP 3c 1.42 ± 0.01 -0.07 ± 0.01 1.36 ± 0.01 
GP 3d 0.80 ± 0.01 1.14 ± 0.01 1.94 ± 0.01 
 
 
 
C 
 
 
 
0.53 
GP 1b 0.22 ± 0.01 0.53 ± 0.01 0.75 ± 0.01 
GP 4b 0.46 ± 0.01 2.04 ± 0.01 2.50 ± 0.01 
GP 2c -0.01 ± 0.01 0.10 ± 0.01 0.92 ± 0.01 
GP 2d 0.11 ± 0.01 0.64 ± 0.01 0.75 ± 0.01 
GP 3a 0.26 ± 0.01 0.76 ± 0.01 1.0 2± 0.01 
GP 3b 0.41 ± 0.01 1.38 ± 0.01 1.78 ± 0.01 
 
 
 
The results summarized in Table 4 show that during a transient period of ~ 85 hours, the 
𝑆𝑅 for GP 2a (obtuse step vicinal surface, θ = 7°), 2.24 ± 0.01 µm, is four times that of 
GP 2b (obtuse step vicinal surface, θ = 20°), 0.55 ± 0.01 µm. Hence accounting for the 
difference in their respective average rates in the transient period. 
 
 
In the steady dissolution period, it was observed that the Ca2+ composition changed by an 
approximate constant value to a point where the net detachment rate appears to approach 
equilibrium. The steady dissolution rate (R ) in mol/cm2/s for all experiments, which is 
believed to depend largely on the crystallographic characteristics of the crystal samples, 
was calculated as the slope from the region in Fig. 8 (c – n) where there appears to be a 
linear trend. Based on the results obtained (see Table 6), the observed steady dissolution 
rate for all samples were non-zero for experiments run at  𝛺 < 0.65, while experiments 
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performed at  𝛺 = 0.65 and 0.74 reflected negligible steady dissolution rates. This 
interesting observation could stem from the uncertainty in the K!" (!"#!$%&) value utilized 
in the Visual MINTEQ simulations during the preparation of the experimental solutions. 
Therefore, it is possible that the real saturation states could be different from the 
prediction provided by the software. Also the negligible steady dissolution rates observed 
in experiments run at 𝛺 > 0.53 may stem from that fact that based on results in Fig. 15 
(see supplementary section), 𝛺! changed by a maximum of 22% during the overall 
dissolution period, whiles 𝛺! in  experiments run at 𝛺 = 0.46 and 0.53 changed by at least 
50%. Hence it can be argued that the net detachment of Ca2+ in close to equilibrium 
conditions is small compared to relatively far from equilibrium conditions. In general it 
can be inferred from the steady dissolution results in Table 6 that fully stepped miscut 
surfaces exhibit higher dissolution rates in the long-term than the vicinal surfaces, and the 
(104) cleavage surfaces. 
 
3.1.1. Effect of miscut orientation on dissolution kinetics 
The graphical representation of steady dissolution rate as a function of miscut 
angle (θ) in Fig. 9 did not entirely confirm the theoretical expectation on the difference in 
the dissolution chemistry between a surface dominated by terraces and a surface 
dominated by steps.  For example at 𝛺 = 0.47, GP 4a (fully stepped miscut surface) is 
observed to dissolve approximately twice as fast as GP 1a ((104) cleavage surface). 
Similarly at 𝛺 = 0.53, an approximately four times faster dissolution rate was observed 
for GP 4b (fully stepped miscut surface) relative to GP 1b ((104) cleavage surface). The 
marked difference in the steady dissolution rates for these two sample groups could be 
attributed to the expected higher elementary step density in Group 4 samples (fully 
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stepped miscut surface) compared to those of Group 1 ((104) cleavage surface). In this 
study, we assumed that the source and number of steps on crystal surfaces was based 
exclusively on θ. Therefore since the fully stepped sample surfaces (i.e. GP 4a and GP 
4b) have relatively large θ (θ > 20°), it is expected that there will be more available 
elementary steps producing a higher steady dissolution rate. However, this observation 
becomes less apparent in the long-term when the fluid conditions are near equilibrium 
(according to Fig.10), hence making the steady dissolution rates to appear marginally 
influenced, or less dependent on the crystallographic properties of steps. Although this 
was not expected, it suggests that either all samples may have similar density of 
elementary steps, or the kinetic chemistry of their steps are reaching a point where they 
exhibit similar chemical behavior in the long-term. Contrary to these observations, 
Compton et al. 49 have reported an apparent linear influence of θ on the dissolution rates 
of calcite. Although Compton’s result is a good reference of comparison, it is important 
to acknowledge that different experimental conditions and duration were employed. In 
Compton’s studies, dissolution experiments were run in an under-saturated condition (0.3 
M KCl aqueous solution) for 7000 s, and it is not known whether within that time period, 
the dissolution rates calculated reflect steady dissolution conditions. In the present study, 
steady dissolution rates were calculated for experiments that were carried out at near 
saturation, and lasted for ~ 500 hours. And through studies on calcite by authors such as 
MacInnis et al. 53 and Teng et al. 33 it is known that in under-saturated conditions, the 
dissolution rate tends to be more dependent on surface history and etch-pit density 
respectively. Therefore it can be argued that Compton’s experimental method may not be 
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as sensitive to step kinetics compared to the experimental method utilized in this study, as 
under-saturated conditions tends to favor formation of etch pits.  
 
 
 
 
 
Fig 9. ICP – OES determined effect of long-term Rate (x 10-12 mol/cm2/s) vs. θ (°) for all crystal 
surfaces involved in all dissolution experiment.  
 
3.2. Effect of 𝜴𝒔!  and crystal orientation of on long-term dissolution kinetics 
The average of 𝛺! within the steady dissolution region (𝛺!! ) from Fig. 15 was 
plotted against steady dissolution rates obtained from various experiments in order to 
determine the influence of 𝛺 on the long-term kinetic behavior of calcite. The X-error 
bars in Fig. 10 stem from the propagation of the positive and negative deviation of 
individual 𝛺! data utilized in calculating 𝛺!! . The kinetic behavior of the calcite mineral 
water interface has traditionally been known to be influenced greatly by 𝛺, and studies by 
Bose et al. 37, Xu et al. 9, and Teng et al. 33 have reported how 𝛺 affects surface chemical 
reactions. In Fig. 10, the steady dissolution rate (x 10-12 mol/cm2/s) decreased with a non-
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linear trend with respect to 𝛺. These samples started with a high rate at low 𝛺 (with 
Group 4 samples displaying the highest rates) but eventually approach similar rates as the 
reaction approached equilibrium (i.e. when 𝛺!!  > 0.57). Also all sample groups showed a 
trend where between 0.7 ≤ 𝛺!!  ≤ 0.9, the rate appear to increase slightly. Based on 
Equation 19 a situation of such sort should be unlikely as the rate in dissolution 
experiments is expected to approach zero when the reaction is nearing equilibrium. 
Therefore it suggests that within that region, the back reaction (i.e. attachment of calcite 
on to the samples, or precipitation) becomes an important factor. Equation 19 was used in 
fitting the data points for all groups of samples in Fig. 10 and the dissolution rate 
coefficient (𝑘 X 10-12 mol/ cm2 /s) for various reactions were calculated from the fitting 
coefficients and summarized in Table 5. 
 
𝑅 = 𝑘 (1−  𝛺!!) 
 
     (Equation 19) 
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Fig 10. Graphical representation of the effect of 𝜴𝒔!  on long-term rates (x 10
-12 mol/cm2/s) at 20.1 ± 0.1 
°C. 
 
 
Table 5. Dissolution rate coefficient for various crystal surfaces.  
 
 
 
𝑘 X 10-12 mol/ 
cm2 /s 
Crystal surface orientation 
(104) 
Cleavage 
surface 
Fully 
stepped 
surface 
7° 
481 !/
441 !  
20° 
481 !/
441 !  
7° 
481 !
/ 441 ! 
20° 
481 !
/ 441 ! 
1.8 ± 0.6  3.8 ± 1.1  1.9 ± 0.5  2.0 ± 0.5  1.5 ± 0.3  1.6 ± 0.4 
 
 
3.3. Profilometry determined rates 
Fig. 11 (a – h) depicts surface profiles illustrating the change in height between 
the reference and the reacted portions of the calcite surface. Equation 12 was employed to 
calculate the mean dissolution rates (r) in mol/ cm2 /s for reacted samples. The results, 
summarized on Table 6 clearly indicate a trend where samples with θ ≥ 20° are associated 
with greater surface retreat and higher mean dissolution rate at 𝛺 < 0.65.  While at  𝛺 > 
0.53, comparable surface retreat and mean dissolution rate was observed for all samples. 
For example at 𝛺 = 0.47, GP 4a was accompanied by a high surface retreat (~ 4 µm), 
which was ~ 1.6, 2, 2.4, and 1.5 times the surface retreat of GP 1a, GP 2a, GP 3a and GP 
3b respectively after similar reaction period of ~ 470 hours.  However at 𝛺 = 0.65, 
comparable surface retreat of ~ 0.5, 0.5, 0.3, 0.3 0.2 and 0.5 µm was observed on GP 1a, 
GP 4a, GP 2a, GP 2b, GP 3c, and GP 3d samples after a reaction period of ~ 430 hours. 
The graphical representation of the results in Table 6 (Fig. 11 (z)) reflects no dependence 
of mean dissolution rate on crystallographic step orientation across all 𝛺  since similar 
mean dissolution rate where calculated for samples with variable θ around 481 !/
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441 ! and 481 !/ 441 !  directions. Also, Fig. 11 (z) suggests that θ has an 
insignificant influence on mean dissolution rate at θ ≤ 20°, while a slight increase is 
observed at θ > 20°. 
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Fig 11. Line profile for change in height between reference spot and reacted spot on crystal surfaces 
(a – y). Profilometry measurement of mean rate (x 10-12 mol/cm2/s) vs. θ (°) for all crystal surfaces 
involved in all dissolution experiment (z).  
 
 
 
 
 
 
Table 6. ICP-OES, and profilometry determined rates for various crystal surfaces 
after exposure to experimental solution at 20.1 ± 0.1 °C. 
 
𝛺 
 
Sample 
(∆-ħ/∆t)  x10-3 
nm/s 
 
Prof. det. 
r x 10-12 
mol/ cm2 /s 
ICP-OES det. 
𝑅 x 10-12 
mol/ cm2 /s 
 
 
 
0.46 
GP 1a 1.67 ± 0.04 4.5 ± 0.1 3.6 ± 0.6 
GP 4a 2.18 ± 0.04 5.9 ± 0.1 6.3 ± 0.9 
GP 2a 1.30 ± 0.02 3.5 ± 0.1 2.9 ± 0.8 
GP 2b 2.70 ± 0.14 7.3 ± 0.4 2.9 ± 0.3 
GP 3c 1.20 ± 0.03 3.3 ± 0.1 1.7 ± 0.4 
GP 3d 1.50 ± 0.01 4.1 ± 0.1 2.2 ± 0.4 
!"#$
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0.53 
GP 1b 0.69 ± 0.01 1.9 ± 0.1 1.2 ± 0.3 
GP 4b 1.33 ± 0.08 3.6 ± 0.2 5.0 ± 0.8 
GP 2c 0.94 ± 0.05 2.5 ± 0.2 2.6 ± 0.4 
GP 2d 0.79 ± 0.05 2.1 ± 0.1 1.9 ± 0.5 
GP 3a 0.53 ± 0.01 1.4 ± 0.1 2.0 ± 0.6 
GP 3b 0.80 ± 0.04 2.2 ± 0.1 2.6 ± 0.4 
 
 
 
0.65 
GP 1b 0.29 ± 0.05 0.8 ± 0.2 1.7 ± 0.5 
GP 4a 0.28± 0.01 0.8 ± 0.1 1.9 ± 0.6 
GP 2a 0.26 ± 0.01 0.7 ± 0.1 1.3 ± 1.5 
GP 2b 0.51 ± 0.03 1.4 ± 0.1 0.9 ± 0.3 
GP 3a 0.17 ± 0.01 0.4 ± 0.1 1.5 ± 0.6 
GP 3b 0.35 ± 0.12 0.8 ± 0.2 0.4 ± 0.4 
 
 
 
0.74 
GP 1a 0.20 ± 0.06 0.5 ± 0.2 0.9 ± 0.8 
GP 4b 0.24 ± 0.01 0.7 ± 0.1 1.9 ± 1.2 
GP 2c 0.20 ± 0.02 0.6 ± 0.1 0.9 ± 0.7 
GP 2d 0.39 ± 0.05 1.1 ± 0.2 1.5 ± 0.6 
GP 3c 0.13 ± 0.02 0.5 ± 0.1 0.8 ± 0.5 
GP 3d 0.27 ± 0.05 1.0 ± 0.3 1.9 ± 0.6 
 
3.4. Morphology 
Fig. 12 displays AFM images of samples both pre and post-dissolution. As 
expected, the sample surface undergoes significant changes in micro and macro structure 
after exposure to experimental solution during the dissolution periods. After appropriate 
image processing which included a flattening routine, the pre-dissolution images of the 
samples (Fig. 12 (a) and Fig. 12 (b)) appear to be characterized by a relatively flat 
topography with minor scratches accumulated from the polishing sequence. Quantitative 
inspection of these images by the Molecular Imaging software produced a consistent root 
mean square (RMS) surface roughness range of ~ 57 – 115 Å. Although in this statistical 
method we considered a relatively small area (100 µm X 100 µm) of the sample surface, 
in a way it validated our polishing method where we expected all samples to have a 
consistent initial roughness before been subjected to the various dissolution experiments. 
Similarly statistical treatment of post-dissolution images gave RMS roughness of orders 
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of magnitude higher compared with those of pre-dissolution images for the same sample. 
For example, Fig. 19 (see supplementary section) shows that after exposure to 𝛺 = 0.65  
for ~ 500 hours, the topography developed by GP 1a was accompanied by RMS 
roughness (0.130 µm) which is approximately two orders of magnitude higher than the 
as-prepared sample surface, therefore indicating that surface roughness and morphology 
may be influenced by 𝛺. Close inspection of post-dissolution images for all samples 
revealed rippled-like macro-steps and micro-facets that appear to stem from the kinetic 
activities of the forced elementary step during dissolution. The angle of these ripple-like 
features for each sample, which we believe is the true miscut angle (φ), was determined 
through analysis of AFM height data of the reacted crystals to obtain their mean surface 
slope (e.g. Fig. 12 (e)). (More information on φ calculation can be found in the 
supplementary section). In addition to these ripple like features, Fig. 13 distinctively 
displayed what appeared to be rhombic shaped etch-pits that may have been caused by 
the presence of defects. However, because these etch-pits are deeper than the polishing 
scratches in Fig.12 (g), it could be suggested that the etch-pits originated from nucleation 
at imperfections in the crystal lattice, rather than those that may have been caused by 
polishing.  
The line profile in Fig. 12 (c - e) indicates that the height of the ripple-like features 
appear to be somewhat influenced by 𝛺, since the height scale displayed in Fig. 12 (c) is 
on the order of 𝑛𝑚 while those in Fig. 12 (d) and Fig. 12 (e) is on the order of 𝜇𝑚. A 
possible reason could be due to the fact that, upon exposure to experimental solutions 
with initially defined 𝛺, samples undergo slow surface retreat to develop morphology 
made up of elementary steps with smaller relative height (Fig 14a). After, these steps 
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retreat at a rapid rate causing rapid rise in 𝛺 to the point where the elementary steps start 
to bunch-up into macro-steps (Fig 14b). During the long-term, there will be progressive 
increase in step bunching and this will facilitate the formation of macro-steps with greater 
height (Fig 14c).  
The macro-steps or micro-facets observed in this study appear to be straight and narrowly 
spaced in most images, but mound-like in some (e.g. Fig 12 (m)). That sort of 
morphological variation in step structure has been observed in previous experiments 
which involved calcite specimens, and as a result have led to the suggestion that the latter 
could be due to either macro-steps gradually curving 55, or local addition of material layer 
to the crystal surface 48.  
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Fig 12. AFM images of crystal surfaces during pre (a) and (g), and post (c) – (w) dissolution regime. 
Image (x) represents flow of steps after a series operation was performed on the raw AFM images of 
vicinal surfaces in the post dissolution regime. (y) is showing the step profile along the line from 
image (x). Red arrow in (i) is an example of the ripple-like feature. 
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Fig 13. ~ 6 µm x ~ 6 µm post-dissolution AFM image of 20o obtuse miscut vicinal surface after 
exposure to 𝜴 = 0.53 for ~ 500 hours. Red arrow indicates etch-pit morphology. 
 
Several other factors have been proposed to influence micro-facet formation. For 
example in studies of solid surfaces, it has been revealed that surfaces under stress have 
the tendency to exhibit morphological instability, characterized by spontaneous 
roughening 56-58. Yet, little is known in terms of the driving force for the mechanisms 
leading to roughening. Although, it has been suggested the driving force may be due to 
elastic surface strain energy 59, equilibrium crystal shape formation 60, elastic step 
interaction during step flow 61,62, the presence of impurities 63, elastic relaxation of step 
edges 64, or electromigration 65. Nevertheless, there is a general consensus that 
thermodynamically, formation of micro-facets or macro-steps on surfaces will be 
accompanied by reduction in total internal energy. 
To illustrate how the internal energy changes, lets consider the preparation 
method utilized in acquiring crystal surfaces in this study. Adopting the illustration used 
by Zangwill 66, because our crystal surfaces did not cleave spontaneously from the bulk, 
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the total internal energy (𝑈) (Equation 20) will increase by an amount that is proportional 
to the cleavage surface area (𝐴) to form Equation 22. And the constant of proportionality 
(𝛾) is called the surface tension. 
 
𝑈 = 𝑇𝑆 − 𝑃𝑉 +  𝜇𝑁 
 
     (Equation 20) 
 
 
𝑈 = 𝑇𝑆 − 𝑃𝑉 +  𝜇𝑁 +  𝛾𝐴 
 
     (Equation 21) 
 
 
Assuming that cleavage leads to formation of a vicinal surface that comprises 𝑛 
monoatomic steps (elementary steps) of the same orientation, separated by terraces with 
similar length. Then 𝛾 in Equation 22 can be expressed as Equation 24. Therefore 
allowing Equation 22 to be re-written as Equation 25. 
 
𝛾 =  𝛾! +  𝛾! 
 
     (Equation 22) 
 
 
𝛾! = 𝑛(𝛾! +  𝛾!) 
 
     (Equation 23) 
 
 
𝛾 =  𝛾! +  𝑛(𝛾! +  𝛾!) 
 
     (Equation 24) 
 
 
𝑈 = 𝑇𝑆 − 𝑃𝑉 +  𝜇𝑁 +  𝐴𝛾! +  𝑛𝐴 𝛾! +  𝛾!  
 
     (Equation 25) 
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In Equation 21 - 27, 𝑆, 𝑉, 𝑇, 𝜇, and 𝑁 represent entropy, volume, temperature, chemical 
potential and number of species respectively. While 𝛾!, 𝛾!, 𝛾!, and 𝛾! represent the total 
surface tension with respect to terraces, steps, riser due a monoatomic step, and a corner 
due to monoatomic step respectively.  
According to Equation 25, 𝑈 of a vicinal surface will depend on surface tension 
contribution from the terraces, the number of step risers, and the number of step corners 
due to the monoatomic steps. However, formation of macro-steps through bunching will 
transform Equation 25 to Equation 26, showing that the total internal energy of the 
micro-faceted surface will reduce and subsequently depend on surface tension 
contribution from the terraces, the number of risers due to macro-step, and only a single 
corner. 
 
𝑈 = 𝑇𝑆 − 𝑃𝑉 +  𝜇𝑁 +  𝐴𝛾! + 𝐴(𝑛𝛾! +  𝛾!) 
 
     (Equation 26) 
 
 
In considering the driving force that may lead to formation of Equation 26, there have 
been suggestions that elastic surface strain energy relaxation could be the driving force. 
For instance in dissolution studies on polished calcite surfaces by Bisschop et al. 48, it 
was revealed that under transport limited conditions, miscut surfaces tend to reduce their 
surface strain energy by breaking up into a rough topography that is comprised of high-
stress valleys and low-stress ridges, even though they started off with a relatively flat 
topography. Thus at near-saturation, this mechanism will facilitate local transport of 
material from valleys to ridges. Other studies on minerals by authors such as Brok et al. 
67, have supported this argument, and have also reported that elastic strain energy of a 
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rough surface is lower than a flat one. But it is not clear how much this mechanism 
applies to our system as both authors stipulate the influence of surface stress. Although 
we acknowledge that surfaces involved in our experiment are under some degree of 
multi-axial stress accumulated from the epoxy and polishing procedure, we believe it is 
negligible relative to the stress applied by the authors in their various experiments. 
 
Others have also suggested that micro-facet formation can be elastic interaction-driven, 
and may arise between steps due to attractive interaction that can be short range or long 
range in nature 68. At the same time, it has been reported that steps involved in a bunch 
also exhibit step-step repulsive interaction that enable them to keep a certain distance so 
as to balance the tendency for further compression of the bunch 69. This implies that on 
the aforementioned vicinal surface, attractive interaction will obviously be the initial 
dominant factor influencing bunching of elementary steps. But this will be possible if 
meandering of steps is minimum at the initial stages.  Step meandering is a type of 
surface instability occurring on vicinal surfaces when elementary steps adopt a non-linear 
or wavy orientation during step flow. And studies by Bales et al. 70 have established that 
meandering originates from asymmetric attachment of adatoms to a terrace edge, 
therefore causing the energy barrier to adatom attachment to differ for atoms that 
approach a step from opposite directions. Once attractive interaction between elementary 
steps occurs, meandering will increase, and that will facilitate repulsive interactions to set 
in so that the steps within a bunch keep a certain distance. Elastic interaction-driven 
micro-facet formation could be applicable in our study because during nucleation, there 
will be an entropic increase in the system, therefore facilitating retreating elementary 
steps to interact elastically to undergo progressive bunching. 
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Fig 14. Proposed model for morphological evolution of the microstructure of crystal surface features 
during the experiment. 
 
 
3.5. Step kinetics and step coefficient determination 
The dissolution rate coefficient data from Table 5 allowed the determination of 
step rate coefficient for forced 481 !/ 441 !  and 481 !/ 441 ! steps accumulated on 
the vicinal miscut surfaces. To do this, we adapted the equation employed in calcite 
dissolution rate determination by Smith 50 (i.e. Equation 27) into Equation 28. 
 
    𝑅 = 𝑘!   ∙  𝜌  ∙  𝑉!!! (1−  𝛺) 
 
     (Equation 27) 
 
 
𝑅 = 𝑘!   ∙  𝜌  ∙  𝑉!!! (1−  𝛺′!) 
 
     (Equation 28) 
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#
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In Equation 27 – 32, 𝑘! represents the step rate coefficient (nm/s), 𝑅 is the steady 
dissolution rate (mol/cm2/s), and 𝜌 is the measured mean surface slope.  
 
After obtaining 𝜌 from Fig. 22 (view supplementary section), 𝑘! of vicinal miscut 
surfaces dominated by forced 481 !/ 441 !  steps (group 2 samples) and those 
dominated by forced 481 !/ 441 !  steps (group 3 samples) were ultimately calculated 
using Equation 30, and the results were summarized in Table 7. 
𝑘! =
𝑘
𝜌  ∙  𝑉!!!
 
 
     (Equation 29) 
 
 
The results in Table 7 show a trend where for vicinal miscut surfaces with similar step 
orientation, samples with relatively lower miscut angle have higher 𝑘! value. Because we 
don’t expect the elementary steps associated with relatively low miscut surfaces to retreat 
faster than those associated with relatively high miscut surfaces, the observed trend 
suggest that steps on relatively high miscut surfaces either bunch to form more macro-
steps due to the greater initial density of elementary steps, or the macro-steps developed 
in the long-term on relatively higher miscut surfaces are characterized by lower step 
height. The latter phenomenon can be appreciated if the height data of the line profiles in 
Fig. 12 (i) and Fig. 12 (m) are taken into account. The height scale indicates that, the 
height of macro-steps on the 7° obtuse vicinal surface is approximately an order of 
magnitude greater than the height of the macro-steps formed on the 20° obtuse vicinal 
surface. 
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  Table 7. Step rate coefficient results for vicinal miscut surfaces. 
Miscut angle (θ) 
degrees 
𝑘! (nm/s) 
481 !/ 441 ! 481 !/ 441 ! 
7 0.44 ± 0.11 0.37 ± 0.07 
20 0.23 ± 0.05 0.17 ± 0.04 
 
 
In previous AFM studies on calcite by Xu et al. 9, in-situ measurements of step 
rate coefficient for elementary steps were performed at 50 °C, and the results (𝑘!"#$%& =
2.7 ± 0.3, 4.8𝑛𝑚 𝑠 and 𝑘!"#$% = 0.48 ± 0.10𝑛𝑚 𝑠) showed higher values when 
compared with 𝑘! results in Table 7. But due to the temperature contrast in this 
experiment relative to Xu’s, the Arrhenius equation (Equation 30) was employed to 
extrapolate the step rate coefficient of elementary steps to 20 °C. During the 
aforementioned extrapolation process, a wide range of activation energy values reported 
for calcite through a variety of experimental approaches (e.g. in-situ AFM method 9 
𝐸! = 25 ± 6 kJ/mol for obtuse steps and 14 ± 13 kJ/mol for acute steps, rotating disk 
methods 53 𝐸! = 59 ± 12 kJ/mol, and bulk rate determination approaches 71 𝐸! = 46 ±
4 kJ/mol) were utilized.  
ln
𝑘!
𝑘!
=  −
𝐸!
𝑅
1
𝑇!
−  
1
𝑇!
 
 
     (Equation 30) 
 
 
In Equation 30, 𝑘! and 𝑇! represent step rate coefficient and temperature utilized in Xu’s 
studies, while 𝑘! and 𝑇! represent the step rate coefficient and temperature employed in 
our study. 
 
The results which revealed a range of ~ 4 to ~ 15 for the ratio of 𝑘! and 𝑘!suggests that 
kinetic behavior of elementary steps studied in Xu’s experiment is dissimilar compared to 
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the kinetic behavior of the forced 481 !/ 441 !  and 481 !/ 441 !. This is expected 
since 𝑘! calculated in this experiment was based exclusively from the long-term 
dissolution and micro-topographical data. Hence 𝑘! ultimately represents the dynamics of 
macro-steps or micro-facets formed through bunching of elementary steps. And studies 
on calcite by authors such as Smith 50 have supported this phenomenon. The above 
conclusion can be expanded upon by considering the mean step speed (𝑣!) of the macro-
steps developed on our forced 481 !/ 441 !  and 481 !/ 441 ! vicinal miscut 
surfaces. To calculate 𝑣!, Equation 31 and Equation 32 were utilized with focus on the 
steady dissolution data for vicinal miscut surfaces with θ = 20°. 
𝑅 = 𝜌 ∙  𝑣!   ∙  𝑉!!! 
     (Equation 31) 
 
𝑣! = 𝑘(Ω! −  Ω) 
      
     (Equation 32) 
 
 
Equation 32 was used in Xu et al. 9 for their studies of elementary step speeds. However, 
in this study, it was mainly used to calculate the step speed of macro steps developed on 
481 !/ 441 ! vicinal miscut surfaces, after the assumption that the saturation state at 
equilibrium conditions (Ω!) is a temperature independent variable. The step rate 
coefficient of macro-steps (𝑘) at 50 °C in Equation 32 was approximated from Equation 
30, after 𝐸! of acute steps was assumed to be equal to 14 ± 13 kJ/mol 9. 
 
The 𝑣! results obtained (see Table 8) when compared with the step speed of elementary 
steps from Xu’s at similar 𝛺, shows evidently that elementary obtuse steps retreat ~ 5 
faster than forced obtuse macro-steps, while elementary acute steps retreat at similar 
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speed compared with forced acute macro-steps. But, it is important to note that, the 
similarity in the step speed between elementary acute steps and forced acute macro-steps 
is largely an approximation due to the high uncertainty in the 𝐸! of acute steps measured 
in Xu’s work. 
Table 8. Step speed data for elementary steps and macro steps. 
 
 
𝛺 
Step speed of elementary 
steps (𝑛𝑚 𝑠) at 50 °C 
(from Xu’s studies) 
Step speed of macro-steps (𝑛𝑚 𝑠) 
at 50 °C 
Obtuse Acute 481 !/ 441 ! 481 !/ 441 ! 
0.46 1.50 ± 0.48 0.27 ± 0.10 0.32 ± 0.04 0.18 ± 0.18 
0.53 1.02 ± 0.54 0.23 ± 0.11 0.25 ± 0.07 0.16 ± 0.17 
0.65 0.55 ± 0.12 0.15 ± 0.12 0.11 ± 0.03 0.13 ± 0.14 
 
 
The outlined step speed and step rate coefficient comparisons above indicate that, the step 
rate coefficient is significantly morphology dependent through an implicit relationship 
with the average surface slope (𝜌). Therefore by adapting Equation 31 to Equation 33, 
and limiting focus on the steady dissolution data at f 𝛺 = 0.46 for 481 !/ 441 !vicinal 
miscut surface with θ = 20°, we are able to approximate the possible average slope of the 
surface during the dissolution regime where the morphology is dominated by elementary 
steps.   
𝜌 =  
𝑅 ∙  𝑉!
𝑣   
       (Equation 33) 
 
𝑣 in Equation 32 represents the step speed of elementary steps measured from Xu’s 
studies.  
According to the results from the above approximation (i.e. 𝜌 = 0.07 ± 0.03), the mean 
slope of the surface measured at the end of the reaction (i.e. 𝜌 = 0.35) is ~ 4 times greater. 
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Hence it can be inferred that step rate coefficient has an inverse relationship with step 
height based on a non-linear function such that after a certain step height threshold, the 
change in step rate coefficient approaches an asymptote. This phenomenon, which is 
represented graphically in Fig. 15, provides a good insight to the reason why our long-
term data predicted similar kinetic characteristics for the different vicinal miscut surfaces 
studied in this experiment. 
 
Fig 15. A schematic representation of the change in step rate coefficient with respect to step height. 
 
But it is not accurately known where this step height threshold may manifest. However 
in-situ AFM work on KH2PO4 (KDP) by Thomas et al. 72 have indicated that macro steps 
consisting of 10 or more elementary steps have the tendency to exhibit slower kinetic 
characteristics. Although we acknowledge that such behavior may differ in other mineral 
phases, in this work, we assumed that the long-term kinetic behavior of calcite might not 
differ significantly from that of KDP. Therefore following that line of argument, and 
!"#$%"&'()
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utilizing Equation 34 (has previously been used in studying the property of elementary 
steps by Krug et al 69), we estimate the threshold step height to be at least 30 Å. 
𝑁! =  
𝐻!
ℎ!
 
 
     (Equation 34) 
 
 
In Equation 34, 𝐻! represents the height of macro step, while ℎ! represent the height of 
an elementary step in calcite. The value of ℎ! used in this calculation is 3.0 Å 73. 
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4. CONCLUSION 
ICP-OES results obtained from this study have shown how the dissolution rate of calcite 
is influenced by the key parameters of focus. In undersaturated conditions (𝛺 = 0.46 and 
0.53) dissolution was characterized by an instantaneous release of Ca2+ in the transient 
period, which was observed to be progressive for the (104) cleavage and fully stepped 
surface, while a rapid release was observed for the vicinal surfaces. The average rate in 
the transient period displayed no connection with crystallographic surface orientations, 
but appeared to be influenced by some implicit factors such as effective surface area 
(𝐴!), and availability of higher energy sites created from polishing. The long-term rates 
from these experiments in both relatively undersaturated and close to equilibrium 
conditions reveals that, calcite surfaces with different surface orientations have similar 
rates, and the chemical behavior of steps are similar regardless of their crystallographic 
orientations (Fig 8 (c – n) and Table 6).  These long-term ICP-OES results are confirmed 
by the results obtained from microscopic analysis performed with the AFM. The AFM 
data showed a significant change in surface micro-topographical structure after exposure 
to the experimental solution, and crystal surfaces ultimately adopt a low energy step 
bunch morphology that is formed in the long term by retreating elementary steps. Hence 
accounting for the similar kinetic behavior predicted for calcite crystal surfaces by the 
chemical data. The results obtained from profilometry measurements revealed an inverse 
relationship between 𝛺 and the mean dissolution rates. Also, the profilometry results 
showed that surface retreat accompanying experiments run in undersaturated conditions 
are high, while experiments run at close to equilibrium conditions reflected negligible 
surface retreat. After accounting for the temperature contrast, comparison of the step rate 
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coefficient for the bunched-steps calculated in this study, 𝑘!, to step rate coefficient of 
elementary steps measured in in-situ studies by Xu et al. 99 showed that the step rate 
coefficient of elementary steps are ~ 4 to ~ 15 greater than bunched-steps.  Also the 
comparison indicated that step rate coefficient is dependent on step height, and after a 
certain step height threshold, the change in step rate coefficient value becomes 
asymptotic. However this work lacks extensive data to accurately predict where this step 
height threshold manifests. 
Step speed data calculated for bunched steps compared to step speed data measured for 
elementary steps indicate that, obtuse elementary steps are ~ 5 times faster than forced 
obtuse macro steps, while acute elementary steps and forced acute macro steps displayed 
similar speed. We believe that the reason for this similarity stemmed mainly from the 
large uncertainty in the activation energy measured for acute steps in previous work. As a 
result, accurate prediction of the long-term dynamic behavior of acute steps based on the 
current data is difficult. A solution to this problem will require further AFM experiments, 
perhaps using in-situ technique, in order to measure directly the step speed based on live 
data. Also, a comprehensive AFM investigation needs to be carried out in order to 
understand why some vicinal crystal surfaces evolve into straight ripple-like macro-steps, 
whiles others adopt mound-like meandering morphology in the long-term. 
 
Future work on the effect of miscut on dissolution kinetics of calcite should integrate a 
technique that will facilitate the calculation of effective surface area (𝐴!), since it was 
assumed in this study that 𝐴! increases based on a certain function with geometric 
surface area (𝐴!). Additionally, future experiments should focus on expanding this work 
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by investigating if other mineral phases show similar chemical and micro-topographical 
behavior with respect to miscut as calcite. 
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5. SUPPLEMENTARY MATERIAL 
5.1. 𝜴𝒔 vs. time plots 
 
 
 
 
 
 
 
 
 
!"#$%&'()*+*,)&-./0*1)&
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Fig 16. 𝜴𝒔 vs. Time plots for experimental solution during dissolution reactions that involve crystal 
sample surfaces. 
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5.2. Average rate in transient dissolution period (𝑹𝒕) determination 
Fig 17 exemplifies the procedure adopted in calculating 𝑅!. 
 
Fig 17. Ca2+ release vs. Time for obtuse and acute surfaces involved in a dissolution experiment run 
at 𝜴 = 0.46. 
 
Table 9. 𝑹𝒕 for crystal samples surfaces after exposure to 𝜴 = 0.46 and 0.53. 
 
Experimental 
Solution 
 
𝛺 
 
Sample 
 
𝑅! x 10-12 
mol/ cm2 /s 
 
 
 
B 
 
 
 
0.46 
GP 1a 1.29 ± 0.86 
GP 4a 4.65 ± 1.75 
GP 2a 22.23 ± 3.83 
GP 2b 10.11 ± 1.91 
GP 3c 13.68 ± 2.16 
GP 3d 8.65 ± 4.42 
 
 
 
C 
 
 
 
0.53 
GP 1b 1.51 ± 1.43 
GP 4b 2.70 ± 0.30 
GP 2c 4.24 ± 1.24 
GP 2d 3.76 ± 3.06 
GP 3a 4.83 ± 1.34 
GP 3b 3.40 ± 2.00 
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5.3. Profilometry measurements 
5.3.1. Vicinal miscut surfaces profiles 
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Fig 18. Line profile for change in height between reference spot and reacted spot on crystal surfaces 
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5.4. Microscopy measurement 
5.4.1. Surface RMS roughness determination performed with molecular imaging 
software 
 
 
Fig 19. Calcite crystal surface after polishing. a) topography of (104) cleavage surface b) line profile 
illustrating scratches of ~ 50 nm deep on (104) cleavage surface c) height histogram data showing 
roughness of ~ 52 Å on (104) cleavage surface d) topography of a vicinal miscut surface e) line profile 
illustrating scratches of ~ 50 nm deep on vicinal miscut surface f) height histogram data showing 
roughness of ~ 125 Å on vicinal miscut surface. 
 
 
 
 
a 
b 
c 
d 
e 
f 
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5.4.2. Surface RMS roughness determination performed with Gwyddion software 
 
 
Fig 20. Calcite crystal surface after dissolution at 𝜴 = 0.65 a) topography of  
post reacted (104) cleavage surface after ~500 hours b) line profile showing  
height of macro-steps c) statistical quantification showing roughness of ~0.130 µm. 
 
 
 
 
 
 
 
!"
#"
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5.4.3. Post dissolution AFM images 
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Fig 21. AFM images of the morphological development of calcite crystal surface after 
been subjected to various dissolution experiments h) and j) are ~ 20 µm x ~ 20 µm images 
of 7° obtuse step vicinal surfaces l) and n) are ~ 20 µm x ~ 20 µm images of 20° obtuse  
step vicinal surfaces. image l indicates pinning of step motion. Images o, p, and q  
represents 7° acute step vicinal surface, o and q have ~ 20 µm x ~ 20 µm image size 
while p is ~ 50 µm x ~ 50 µm. Images s, u, and v represent ~ 20 µm x ~ 20 µm  
image size of 20° acute step vicinal surface. All sample surfaces of which their AFM 
images have been displayed in this figure were subjected to dissolution experiments 
that lasted for ~ 500 hours. 
 
 
5.4.4. Surface slope (𝝆) and true miscut angle determination (φ) 
Post-dissolution AFM images of each crystal surface, excluding those from group  
4 (fully step miscut surface), from selective dissolution experiments were uploaded into  
SPIP 5.1.5, and taken through a series routine of operations of which includes an initial  
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removal of global flattening. Subsequently, a line profile showing the image topography  
was taken. This allowed us to tilt the flat terraces in the image of the sample crystal  
surface such that they are approximately parallel to the plane of the image in both the X,  
and Y direction. After, the slope of the line profile is assumed to be equal to  
𝜌, and the inverse tangent of 𝜌 is assumed to equal φ.  The results summarized in Table 8  
shows a good agreement between the intended miscut angle (θ) and the true miscut angle  
(φ). 
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Fig 22. 𝝆 and φ determination. 
 
 
Table 10. Results from 𝝆 and φ determination. 
 
Crystal 
Orientation 
 
Sample 
Measure mean 
surface slope 
(𝜌) 
Measured 
miscut angle 
(φ) degrees 
Calculated 
miscut angle (θ) 
degrees 
(104) GP 1a 0.014 0.8 0 ± 1 
GP 1b 0.027 1.5 0 ± 1 
 
481 !/ 441 ! 
GP 2a 0.148 8.4 7 ± 1 
GP 2b 0.346 19.1 20 ± 1 
GP 2c 0.180 10.2 7 ± 1 
GP 2d 0.287 16.1 20 ± 1 
 
481 !/ 441 ! 
GP 3a 0.122 6.9 7 ± 1 
GP 3b 0.311 17.3 20 ± 1 
GP 3c 0.181 10.5 7 ± 1 
GP 3d 0.388 21.2 20 ± 1 
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5.5. Typical ICP-OES calibration curve data 
 
 
Fig 23. Calibration curve for 200, 250, 400, 500, 1000 ppb Ca2+ standard detected  
at 396.847 nm. 
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